Distribution of materials (such as enzymes) between the alimentary canal and the blood stream is a complex process involving the factors of synthesis, movement into one or more compartments, and destruction.' An initial attempt to quantitate these events is presented. A theory and methodology are developed and illustrated by preliminary data on the distribution of pepsinogen. The general approach shown here (measuring the material in the blood stream and in the parent organ, and again in the vascular pool after removal of the organ) also has applications in following the kinetics of blood-borne substances of extra alimentary origin. BACKGROUND A small fraction of gastric pepsinogen granules do not enter the gastric lumen but are apparently discharged into the blood stream. 2 The rate of change of pepsinogen in the blood is the difference between entry and destruction.
rate of change of rate of rate of pepsinogen in blood = entry of pepsinogen -destruction of pepsinogen (1) stream In the steady state, the rate of change is zero, and the entry of pepsinogen must equal its degradation. If the source of pepsinogen (the stomach) is removed, the entry becomes zero, and (1) reduces to:
rate of rate of change of pepsinogen in blood stream = destruction of (2) pepsinogen Hence after gastrectomy, repeated blood sampling can give the rate of pepsinogen destruction. The simplest assumption, and probably the most valid, is that the entry of pepsinogen into the blood stream is proportional to the amount in the stomach. Once this assumption is made, the wordequation (1) can be rewritten as a formal mathematical statement as shown in a later section.
METHODS
Pepsinogen originates in the stomach and can be detected in the peripheral blood." Although in reality more than a single pepsinogen may be involved,' we will speak as though it were a single substance (since the analytic technique employed measured total activity and did not fractionate pepsinogen).
Small samples of blood were drawn from adult mongrel dogs and rhesus monkeys (Maccaca mulatta) for several days preoperatively, to determine the pepsinogen concentration.' Each sample was run in duplicate, and the mean value utilized (duplicates generally agreed + 5%). The total pepsinogen in the blood stream was calculated as the product of the concentration per unit volume of blood times the blood volume (measured by albumin-I' in the dogs, and assumed to be 70 ml/kg. body weight in the monkeys). Blood samples were also drawn in the monkeys at 15 to 30 minute intervals immediately following total gastrectomy and then as often as possible. In the dogs the blood samples were drawn at 2 to 3 hour intervals following gastrectomy, and then once daily. Under Nembutal® anesthesia, a total gastrectomy with esophagoduodenal anastomosis was performed. Care was taken to extirpate the lower region of the esophagus and a cuff of duodenum in order to insure complete removal of gastric tissue. The entire stomach was immediately homogenized in a Waring blender, using 10 times its weight of chilled pH 7.4 Krebs-Henseleit buffer; the material was centrifuged at 10,000 x g to remove larger particles. The fluid was then diluted to give an activity comparable to that found in the blood, and analyzed for pepsinogen. Since some pepsinogen may have been lost or inactivated by this procedure, the values for gastric pepsinogen must be viewed as minimal estimates.
To accurately assess the possibility of more than one compartment or mechanism of pepsinogen inactivation, high blood concentrations are required. Accordingly, an attempt was made to raise the blood pepsinogen level of a gastrectomized monkey to high values. Since a stable preparation of monkey pepsinogen was not available, swine pepsinogen was utilized in the initial study. This was accomplished by dissolving one gram of swine pepsinogen (Sigma, Lot 44 B-1630) in 100 ml. of saline, and infusing the material over a 10 minute period in an adult gastrectomized rhesus monkey. A blood sample was then drawn for a zero time determination of the concentration, and other samples drawn frequently during the first hour, and then every several hours.
In the face of a lack of data on the decrease in blood pepsinogen in gastrectomized man, an analysis was made of blood pepsinogen values in male peptic ulcer patients following gastric freezing. The prefreezing value was determined, as well as daily post freezing concentrations.
RESULTS
The experiments had been planned on the basis of data extracted from the report by Mirsky and co-workers.' Although these authors did not comment on the rate of disappearance of peptic activity from the blood stream of the dog, they did provide an illustration (their Figure 5 ) from which this value can be calculated for a single case. Assuming a first order decay process for blood pepsinogen (once the stomach is removed), their data can be plotted as shown in Figure 1 . The upper line is the raw data, while the lower line is the data corrected for the 60 units/ml. Blood pepsinogen concentrations in two mongrel dogs were determined for several days preoperatively. They revealed values of (mean ± std. dev.) 606 + 205, and 533 + 104 units/ml. Four days postoperatively there was a basal (nongastric) residual of 100 units/ml. The blood concentrations of peptic activity (total minus nongastric) in the dogs preoperatively were thus 506 and 433 units/ml. It was found that there were fluctuations in the individual values of blood peptic activity determined in postoperative dogs at 2 to 3 hour intervals. Whether this represents nonuniform entry of peripheral pepsinogen into the blood stream after gastrectomy, or the presence of tissue enzymes (liberated at surgery) that react at an acid environment, is as yet unknown. To circumvent this, the mean value at 5 to 7 hours postoperatively was considered to represent the 6 hour value in one dog, and the 3 and 5 hour values were averaged to give the 4 hour value in the second dog. The half-time was calculated from these figures and the preoperative concentration (both corrected for the nongastric residual). Such a procedure probably introduced slight error, but was correct as to the order of magnitude. Results are shown in Figure  2 . For both dogs, the half-time for the initial disappearance of pepsinogen activity from the blood was about 4 hours (0.16 days). This is of approximately the same order of magnitude as the 0.6 days determined from the single case of Mirsky and co-workers.8 After the initial decline in blood pepsinogen activity, blood values were too close to the "nongastric" residual to give an accurate assessment of additional decay constants.
Values for blood pepsinogen in two gastrectomized monkeys are shown in Figure 3 . The fit to a first-order decay process is good in the case in which there are several points. The half-time for disappearance was under 30 minutes in both monkeys. This half-time, of 0.0187 days, is some eight times more rapid than in the dog.
The two surgically removed dogs' stomachs contained a mean value of 2.4 x 109 units of pepsinogen. For the monkeys, the mean value was about 1 x 109 units per stomach (when run at a 1 :1,000 dilution of the original material).
The possibility of more than one compartment or mechanism of inactivation of blood pepsinogen could not be adequately assayed at low concentrations of blood pepsinogen. Hence, as described under METHODS, hog pepsinogen was infused into a gastrectomized monkey over a 10 minute period. At the end of the infusion, the blood concentration of pepsinogen was 3,062,000 units/ml. (some 5,600 times greater than the original "resting" value of 547 units/ml.). A semilogarithmic plot of the data is shown in Figure 4 . The blood concentration at each point in time was compared to that at time zero (the value at the end of the infusion), and plotted as a precentage on the ordinate using a logarithmic scale. The half-time for disappearance, in the first part of the curve, was 36 minutes. This compares quite well with values of 26 and 28 minutes calculated for the disappearance of "endogenous" pepsinogen in the monkey following gastrectomy (Figure 3) , and suggests that extraneous factors may not have been produced by such high blood levels. At lower values of pepsinogen, the curve flattened out with a half-time on the order of 14 hours. This might represent inactivation of pepsinogen altered during the infusion, or a second inactivation mechanism.
Data as to the rate of pepsinogen production and destruction in man are not yet fully available. Such values could be calculated following total gastrectomy, but this operation is seldom performed (and in those cases in which it is carried out, the stomach is usually grossly diseased and likely does not have a normal content of pepsinogen). We can, however, obtain some idea of the minimal value of the destruction rate constant as follows. If the gastrectomy was total, then we should obtain the true rate of destruction by following the blood values. If any pepsinogen spuriously entered the blood stream, it would have the effect of lengthening the apparent destruction time (making the destruction rate constant appear less than its true value). In other words, in such a case the value obtained would be the minimal one possible for the destruction rate constant. Such a situation does occur following gastric freezing. If freezing were entirely effective, there would be a sudden liberation of pepsinogen into the bloodstream, and then complete absence of further pepsinogen production. In of pepsinogen in a gastrectomized monkey following practice, the liberation may not be total and sudden, and some functioning pepsinogen-producing cells may still be present. The figure obtained will thus give a minimal value of the rate constant. In Figure 5 are given data obtained from males with peptic ulcer who underwent gastric freezing. Each point was calculated by using the equation:
[ To analyze the data, we will present a simple model of pepsinogen production and destruction and compare the predicted results (as obtained with an analogue computer) with experimentally determined values. Let S represent stomach pepsinogen, and P the pepsinogen in blood. In the simplest case the rate of change of blood pepsinogen is equal to the entry (a constant times the amount in the stomach) minus the destruction (a series of constants times the blood value); we can rewrite equation (1) In the case of a single effective decay constant, this is:
For the dog, the mean value for the 2 animals was: P = (470 units/ml. blood) (1,000 ml. blood volume)
Therefore: where Pt is the value at some time t following the initial value PO. Hence, equation (4) predicts a first order decay (or a series of such decays) when the stomach is removed. In reality, two or more rate constants are involved in pepsinogen destruction (see Figure 4 , and Figure 3 in Mirsky). However, one rate constant is so much greater than the others, that effectively only one decay constant is involved. The ratio of gastric pepsinogen to blood pepsinogen can be obtained by using equation (4) in the steady state:
S =X (14)
For the dog this is 0.5 x 104, while in the monkey the value is 1 x 104, or about the same.
Equation (4) can be programmed on an analogue computer. The circuit diagram is shown in Figure 6 . Conventional symbols are utilized, with a circle representing a potentiometer, a triangle standing for a summing or an inverting amplifier, and a triangle with a line through it representing an integrating amplifier. The time drive was arranged so that 10 seconds of computer time corresponded to 10 days (864,000 seconds).
The initial condition put on the integrator producing P was a value corresponding to the steady state blood level of 0. pepsinogen in the dog. This is shown in Figure 7 as the horizontal line. At point G, a gastrectomy is performed (by pulling out the wire corresponding to the gastric input). The blood level of pepsinogen decreases with a rate constant of 4.15 per day. The opposite situation, removal of the mechanism that inactivates pepsinogen, is depicted by the rising line at point R in the figure (R = removal of pepsinogen destruction). This corresponds to a rate constant for destruction of zero. Hence, with A = 0, equation (14) reduces to:
The integrated form is:
Consider the blood level of pepsinogen four hours (1/6 days) after removal of the inactivation mechanism. Another interesting situation arises when the blood level of pepsinogen is set at some point other than the steady state value. This is likely to occur when an individual receives massive transfusions from donors with pepsinogen concentrations differing from his own. Two extremes are shown in Figure 7 . In one instance, the initial level was set at zero. The system corrects itself so that the blood level becomes indistinguishable from the steady state value by 1.5 days. In this respect, equation (1) shown in Figure 7 by using a value of 0.88 x 106 units in the blood. Again, by 1.5 days the system has nearly returned to the steady state value. An additional solution is shown in Figure 8 . Here the values employed were: blood level (P) = 0.3 x 106, stomach amount (S) = 2.1 x 109, decay constant (A) = 1 per day (half-time of 0.693 days), and the rate constant for forward "leakage" from the stomach (k) = 1.43 x 10-4 per day. Illustrated are the effects of gastrectomy and removal of pepsinogen destruction, as well as initial blood pepsinogen concentrations above or below the steady state level. In addition, there is shown the effect of changing the decay constant from 1.0 (half-time of 0.693 days) to 0.6 (half-time of 1.16 days). It can be seen that the system approaches a steady state at a new (higher) level of blood pepsinogen. Although not illustrated it can be appreciated that if the rate constant for forward gastric input (k) is increased, a new higher steady state level would also be achieved.
COMMENTARY
The analysis was based on the assumption of a single pool of distribution for pepsinogen, which was taken to be equal to the amount in the blood stream. In reality, two or more decay constants are involved, but the first is so much larger than the others, that it is dominant. However, equation (4) could be corrected accordingly, if sufficiently accurate data were available. In addition, if pepsinogen was inactivated by the act of passing from stomach to blood, or by the technique of gastric homogenization employed, suitable corrections could be made. It will be interesting to compare pepsinogen urinary excretion data with blood and gastric levels to determine, if possible, whether more than one pathway of inactivation is involved. Data reported some years ago' suggested that the quantity of pepsinogen in the gastric lumen divided by that in the urine was about 99 to 1. Our figures in the dog indicate that the amount in the stomach divided by the quantity in the blood is about 5,000 to 1.
The large difference in the decay (inactivation) constants for blood pepsinogen in dog and monkey is striking. Mirsky and co-workers' reported values for the disappearance of swine pepsinogen injected into a gastrectomized dog. From their Figure 3 we can calculate an initial decay rate constant of 22.4 per day. This is much greater than the value for the disappearance of the gastrectomized dog's endogenous pepsin. It suggests, as one possibility, that the canine inactivates hog pepsin more rapidly than its own. Mirsky's limited data on the disappearance of hog pepsin injected into the gastrectomized dog (his Figure 3) can be interpreted in terms of more than one compartment of distribution or more than one mechanism of inactivation. Data presented here are too crude to allow accurate determination of "goodness of fit" to the proposed mechanism. Thus, the present study must be viewed as a first approximation, but the general approach employed may have use in other instances (such as following the destruction and production of various hormones). Some of the difficulties encountered will be resolved by preparation of species-specific pepsinogens, which will allow more accurate assay of the decline in blood levels after production of elevated values.
SUMMARY
A method of calculating the rate constants for the distribution of alimentary canal components that enter the blood was described and illustrated by initial data on pepsinogen in dog and monkey. Possible uses of the procedure with other blood-borne substances was pointed out. An analogue computer model of pepsinogen production and destruction was presented, and used to illustrate the effects of varying the rate constants,
